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Abstract — A leading consequence of burns is the loss of large extensions of skin. Thus, skin tissue engineering has been 
increased and promoted development of biomimetic skin scaffolds. Type I collagen is one of the most materials used in tissue 
engineering due to its biological characteristics. However, the applications of collagen as biomaterial are severely limited 
by its reduced physicochemical and mechanical properties, such as high susceptibility to enzymatic degradation in vivo and 
low thermo stability. To enhance collagen properties, crosslinked collagen scaffolds at different concentrations of 1 -ethyl-3 - 
(3 -dimethylaminopropyl) carbodiimide hydrochloride (EDC) were prepared by freeze-drying technique. The effect of 
crosslinking and concentration on scaffolds physicochemical and biological behavior was evaluated. Scaffolds morphology 
was observed by Scanning Electron Microscopy, showing in all cases an appropriate micro structure for biological 
applications. Differential Scanning Calorimetric showed an increase in shrinkage temperature (TS) with increase in EDC 
concentration. Infrared Spectroscopy suggested that the secondary structure of collagen is not affected after the 
crosslinking. Enzymatic degradation test indicated that scaffolds treated with EDC dissolved slowly in enzymatic solution 
( just 12% of degradation after 96 h). Cell viability and attachment tests suggested that EDC treatment do not affect the 
excellent biological characteristics of collagen. 
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I. INTRODUCTION 

Skin is the largest organ of the body and it is composed of epidermis, dermis, and hypodermis layers, together with a 
complex nerve and blood supply systems [1], [2]. Loss of large part of skin, related to illness or injury, would not only affect 
the appearance of the patient, but also can lead to infection and even causing death. Thus, the necessity of skin substitutes for 
wound healing has increased skin tissue engineering research and promoted development of biomimetic skin scaffolds that 
help to regenerate large points of damaged skin [3], [4]. 

Collagen has been widely used to fabricate scaffolds due to its high biocompatibility, low antigenic response and because it 
naturally contains cell adhesion motives that improve cell-scaffold interactions [5]-[8]. Type I collagen is the most common 
type of collagen and it is the major protein of all connective tissue, such as bone, tendon, cartilage and skin [9]— [12]. Despite 
the huge efforts and developments, the uses of collagen for tissue engineering applications is currently limited by its high 
susceptibility to enzymatic degradation and low thermo stability in vivo [13]— [15] . For the development of new skin tissue 
engineering therapies, the enhancement of thermal, mechanical and enzymatic stability of collagen is needed. The 
crosslinking is the most used method collagen properties [8], [16], [17]. 

Glutaraldehyde has been extensively used as crosslinker, but it is associated with cytotoxicity effects, reduced cellular 
ingrowth in vitro and in vivo [13], [17], [18]. The search of “green” crosslinkers that avoid denaturation protein and can be 
easily removed after the crosslinking is the topic of current research in the field. Among potential alternatives, l-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride (EDC) has demonstrated to be a mild[8], [19] and water-soluble 
crosslinker. EDC induce the formation of covalent amine bonds thought carboxyl and amino groups of collagen [8], [19], 
[20]. Usha et.al.[ 19] reported the physicochemical behavior of collagen crosslinked with EDC (10 mM). However, they do 
not report the biological performance of the scaffolds obtained. In contrast, Krishnamoorthy et.al. [21] report 
physicochemical and biological behavior of collagen crosslinked with EDC, but they use only one EDC concentration (40 
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mM). EDC is considered as a zero length crosslinker. Nevertheless, some authors have questioned about the cytotoxicity of 
EDC and the facility of the technique [22]. Thus, comprehensive study, about physicochemical and biological properties, of 
collagen crosslinked scaffolds with different concentrations of EDC is needed to assess the modification of collagen structure 
and its effects on cell viability. 

The objective of this study was to access the effects of several EDC concentrations, if any, on the physicochemical and 
biological properties in vitro of collagen scaffolds for skin tissue engineering. The scaffolds were prepared by freeze-drying 
technique, crosslinked with different concentrations of EDC and characterized in terms of morphology, thermal stability, 
molecular structure, enzymatic degradation and cell attachment, viability and proliferation. 

II. Materials and methods 

2.1 Extraction of type I collagen 

Type I collagen was isolated from fresh bovine Achilles tendon by acetic acid extraction and pepsin digestion method. 
Briefly, the minced tendons were suspended in 0.5 M acetic acid solution during 48 h, the viscous collagenous material was 
separated from the insoluble components by sieving and digested with pepsin (lg pepsin/ 100 g tendon) at 4°C during 12 h. 
Trypsin digestion was halted by 0.2 M sodium phosphate dialysis. The dialyzed collagen was centrifuged at 12000 g for 40 
min to get rid of insoluble impurities. The supernatant was precipitated by NaCl (5 w/v %) and the precipitated was re- 
dissolved in 0.5 M acetic acid. Then, the solution was dialyzed with 4 mM potassium phosphate buffer to repeat the same 
process to achieve the protein purification. Finally, collagen was re-dissolved in 0.5 M acetic acid and the collagen solution 
was stored at 4°C. The purity of the collagen extracted was confirmed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). SDS-PAGE was performed following the method of Laemmli [23] using discontinuous 
Tris/HCl/Glycine buffer system. 

2.2 Fabrication and crosslinking of collagen scaffolds 

Freeze-drying technique was used for fabrication of the collagen scaffolds. Briefly, the collagen solution (5 mg/ml) was 
dropped onto silicon molds (diameter: 30 mm, depth: 10 mm) and frozen at -20 °C for 24 h. After that, the frozen collagen 
was lyophilized at -40 °C and 0.05 mBar for 18 h. For crosslinking the lyophilized scaffolds were immersed in 5 ml of EDC- 
ethanol solutions with different concentrations of EDC (0, 35mM, 45mM and 55mM) during 24 h at 4 °C. The crosslinked 
scaffolds were washed three times with distilled water during 10 minutes using a sonicator (Branson) at room temperature. 
The scaffolds were freeze-dried again applying the same conditions derived above. Non -crosslinked scaffold (0 mM EDC) 
was named COL and was prepared as a control to could compare the changes in the protein after the crosslinking. Changes in 
the protein structure after EDC crosslinking were analyzed by Fourier transform infrared spectroscopy (FTIR Nicolet 6700) 
from 4000 cm' 1 to 400 cm" 1 . 

The ultrastructure of the scaffolds was observed by field emission scanning electron microscope (JEOL JSM-7600F). The 
crosslinked collagen scaffolds were cut along its diameter and the cross-section was coated with a thin layer of gold (Fine 
Coat Ion Sputter JFC-1100) to prevent charging during observation. Pore size was determinate image analysis (AxioVision 
4.0). The percentage of porosity was obtained applying equation 1. 

Porosity (%) = (1 — pVp) X 100 (1) 

Where p* is the apparent density of the scaffold determined by the ratio between the dry mass of the scaffold and its external 
volume, and p is the theorical density of collagen (1.3 g/ml [24]). 

2.3 Swelling test 

To determinate the absorption of water, the scaffolds were immersed in sealed tubes containing PBS and incubated at 37°C 
during 60 min. Afterwards, the scaffolds were removed, gently dry with filter paper to remove the excess of PBS, and the 
percentage of water uptake was calculated using equation 2: 

Water uptake (%) = — gc ~ tifar i 1QQ (2) 

W dry 
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Where W dry is the weight of the sample and W wet is the weight of the sample after immersion in PBS. The test was performed 
in triplicate. 

2.4 Thermal stability of collagen-EDC scaffolds 

The thermal stability of the EDC crosslinked collagen scaffolds was measured through differential scanning calorimetry 
(DSC 2910 Modulated TA Instruments). The thermograms were obtained by heating the samples from 0 to 120 °C with a 
heating rate of 5 °C/min. 

2.5 Enzymatic Degradation 

Enzymatic degradation of collagen-EDC scaffolds was performed using collagenase digestion. Scaffolds were cut into disks 
(superficial area), and were immersed in 2 ml of Tris-HCl buffer solution (pH 7.4) containing 5 U/ml of collagenase type I 
(< Clostridium hystoliticum , Sigma-Aldrich) at 37 °C. The solution was renewed every 8 h. Scaffold samples were removed 
after 12, 24, 48, 72 and 96 h of immersion, rinsed the with distilled water and lyophilized. The percentage of enzymatic 
degradation was calculated according to equation 3. All samples were tested in triplicate. 

Mass loss (%) = ttl ^ T1ff X 100 (3) 

Where, W t is the weight of the scaffold before collagenase digestion and W f is the weight of the scaffold after degradation. 

2.6 Cell culture of human dermal fibroblasts 

Primary human dermal fibroblasts were obtained from voluntary donors of the Faculty of Medicine, UNAM, following 
protocols reviewed and approved by Ethics committee of Faculty. The cells were cultured in Minimum Essential Medium 
(MEM; GibcoBRL), supplemented with 2 mM glutamine, 1% penicillin/streptomycin and 10% fetal bovine serum (FBS) 
maintaining the culture environment at 37 °C and 5% C0 2 . Prior cell seeding, scaffold disks (diameter: 6 mm, depth: 2 mm) 
were placed in tubes with PBS 1% penicillin/streptomycin overnight, sterilized by UV treatment for 1 hour (30 minutes each 
side) and pre-moistened in MEM during 24 h. Fibroblasts were seeded in the scaffolds using 96 well cell culture plates at a 
density of 1500 cells/well. After 24 h cell viability was evaluated using AlamarBlue reagent (Invitrogen) following the 
instructions of the producer [25]. Briefly, the culture medium was discarded and fresh medium with 10% of AlamarBlue was 
added. The color turnover was quantified by measuring the optic absorbance of lOOpl of supernatant in a BioTek Epoch 
Microplate Spectrophotometer at 570 nm and 600 nm. The first measure was obtained immediately after the AB was added 
(time 0), the next measurements were performed at different times (6 h, 12 h, 1, 2, 4, 5, 6 and 8 days). The morphology of the 
fibroblasts attached to the scaffolds was evaluated after 3 h, 24 h and 7 days of proliferation. Scaffolds were rinsed three 
times with Na-cacodylate buffer, fixed in 4% glutaraldehyde solution, dehydrated in ethanol series and prepared for SEM 
observation applying a thin layer of gold to prevent charging. 

2.7 Statistical analysis 

Data were analyzed by one-way ANOVA to determinate statistical significance between groups, /7-values <0.05 were 
considered as significant. 

III. Results and discussion 

3.1 Purity of type I collagen extracted from Achilles bovine tendon 

Figure 1 shows a representative electrophoresis pattern of extracted collagen. The pattern of collagen shows two well 
differentiated bands at 130 and 140 kDa, correspondig to al and a2 [26] chains, respectively. Besides, in agreement with 
Phanat Kittiphattanabawon et. al [27], the pattern shown a high molecular weight band (250 kDa) related with p 
components, which is considered a dimer of the a chains. The structure of type I collagen is formed by two al chains and 
one a2 chain ([al(I)]2 a2(I)) [28]. These results suggested that the collagen isolated had the typical type I collagen structure 
and do not show any detectable degradation products. 
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Figure 1. SDS-PAGE pattern of M: Precision Plus Protein Unstained Standards BIO-RAD and 

TYPE I COLLAGEN FROM BOVINE ACHILLES TENDON. 

3.2 Collagen-EDC scaffolds characterization 

SEM images of longitudinal cross sections of collagen -EDC scaffolds show highly porous structure in all samples (Fig. 2). 
The scaffolds have a continuous network of open porous. Porosity was estimated around 99% for all scaffolds without 
significant differences between them (table 1). Furthermore, the pore size estimated from SEM images was similar for all 
scaffolds (table 1). Therefore, the structure of the scaffolds was not significantly affected by EDC crosslinking. Similar 
results were obtained by Davidenko et.al. [29]. The minimum pore size found was about 21 pm while the biggest one was 
566 pm. Therefore, the pore size was within a range suitable for growth of cells, such as, fibroblasts, myocytes and 
endothelial cells [24], [29]. Accordingly, the morphology of all scaffolds can be considered as appropriate for their use in 
skin tissue engineering applications [30]. 


COL 35 mM 45 mM 55 mM 



Figure 2. Representative SEM images of longitudinal cross sections of collagen-EDC 


SCAFFOLDS (SCALE BAR OF 100 pM). 

The results of PBS absorption are shown in Table 1. In general, crosslinked scaffolds show higher swelling ability than 
uncrosslinked scaffold (COL) which shows a PBS uptake about 2000%. This result is in accordance with the work of 
Martinez et.al.[ 24] and Skopinska-Winsniewska et.al. [22] who found, for native collagen, uptakes around 2000% and 
2200%, respectively. The maximum PBS absorption was observed on 55 mM collagen-EDC scaffold. These properties of 
absorption are favorable for wound healing application. 
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Table 1 


Porosity and pore size of collagen-ED( 

" SCAFFOLDS 

Sample 

Density (g/ml) 

Relative density 

Porosity (%) 

Pore size (pm) 

PBS uptake (%) 

COL 

9.5 E-6 + 0.12 E-6 

7.31 E-6 + 0.09 E-6 

99 ± 9.81E-6 

115 + 54 

2050 ± 13.6 

35mM 

9.94 E-6 ± 0.26E-6 

7.65 E-6 ± 0.2 E-6 

99 + 2.01E-5 

110 + 50 

2764 + 5.8 

45mM 

1.40 E-5 + 0.02 E-5 

1.08 E-5 + 0.02 E-5 

99 + 2.121E-5 

121+72 

8620 + 3.7 

55mM 

1.28 E-5 ± 0.01E-5 

9.89 E-6 + 0.11 E-6 

99+ 1.106-5 

108 + 51 

12656+ 1.6 


*Mean + SD 


The influence of the EDC on swelling properties of scaffolds could be due to variances in hydrophilicity caused by reduction 
in lateral groups and the presence of new chemical bonds [31]. 

The FT-IR spectra for collagen-EDC scaffolds are shown in Fig. 3. In the uncrosslinked collagen spectrum (COL), the four 
typical collagen bands can be observed. Amide A band at 3300 cm' 1 it is commonly associated with the N-H and O-H 
stretching vibrations (v NH and v 0 h) [32], [33]; Amide B was found at 3077 cm" 1 . The Amide I band represents 80% of the 
stretching vibrations of the peptide carbonyl group (v c =o) with some C-N stretching (10%) and N-H bending (10%), it is 
found at 1633 cm" 1 [34], [35]. Amide II band at 1538 cm" 1 and corresponds to N-H deformation vibrations (5 NH ) and C-N 
stretching (v C n) [33]. After EDC crosslinking, the wavenumber of collagen bands are almost the same as non-crosslinked 
samples (table 2). This may suggest that the secondary structure of collagen was not affected [36]. However, the intensity of 
bands varies with the EDC concentration. 


Table 2 

Band position (cm 1 ) in the FT-IR spectra of collagen-EDC scaffolds 


Sample 

Amide A 

Amide B 

Amide I 

Amide II 

Amide III 

COL 

3300 

3077 

1633 

1538 

1237 

35 

3204 

3078 

1631 

1538 

1234 

45 

3300 

3078 

1633 

1538 

1235 

55 

3292 

3077 

1633 

1538 

1235 

Band assignment 

VNH? Vqh 

v N h 

V C=0? V NH 

V CN? $NH 

VCN? §NH 


The Amide I band, which is the most useful infrared band for the analysis of the secondary structure of proteins, presented 
decrease on its intensity (Fig. 3B). This due to the formation of new covalent bonds because crosslinking. In addition, the 
characteristic carboxyl stretching, observed between 1440 and 1390 cm" 1 [35] appear in COL spectrum (Fig. 3C), but 
decrease (almost disappear) in crosslinked-EDC scaffolds. This indicates that several carboxyl groups take part in 
crosslinking reaction. Although that no significant increment in the N-H bound was observed (Amide A band), the decrement 
of Amide I intensities suggest a more covalent crosslinked structure and weakened carboxyl group related to formation of 
new bonds. Moreover, this result is in agreement with the higher thermal stability of the crosslinked samples. Therefore, the 
stabilization effect of EDC on collagen could spread its applications in tissue engineering. 
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Figure 3. FT-IR spectra of collagen-EDC scaffolds. All spectra show typical collagen bands 
(A). The intensity of Amide I band decreased as concentration of EDC increased (B). The 
CARBONYL BAND DECREASED AS CROSSLINKING TAKE PLACE (C). COL LINE (a), 35 mM line (b), 45 mM 

line (c), 55 mM line (d). 


DSC thermogram of collagen-EDC scaffolds crosslinked showed slight differences in shrinkage temperature (T s ) with 
increase in EDC concentration (Fig. 4). T s was the highest for 55 mM (95°C), followed by 45 mM and 35 mM (both with 
90°C), and finally by COL with 80 °C. T s is considered as the temperature at which collagen denaturation begins, due to the 
rupture of interchain bonds causing the collagen shrinks [37], [38], Consequently, this temperature has been defined as a 
measure of the structural stability of collagen [39]. 



Temperature (°C) 

Figure 4. DSC thermogram of collagen-EDC scaffolds. 
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For comparison, Krishnamoorthy et. al. [40] reported that collagen crosslinked with gallic acid obtained a value of T s of 80 
°C, this means that EDC gives a better thermal stability. 

Due to the stabilization of triple helix in collagen structure by crosslinking, break these additional crosslinks requires more 
energy during heating. Then, it could be expected that collagen treated with EDC provides scaffolds with increased stability 
preventing the denaturation at low temperatures. 

3.3 Enzymatic Degradation 

Collagen is one of the most used materials in tissue engineering due to its excellent biocompatibility and weak antigenicity. 
However, native collagen presents a high enzymatic degradation rate, reducing its possible clinical applications [40], [41]. 
Enzymatic degradation of crosslinked collagen scaffolds was studied by monitoring the residual weight percent after 
different times of incubation with type I collagenase Tris-HCl buffer. Fig. 5 shows the weight loss (%) as a function of time. 
COL presented the lowest resistance to enzymatic degradation, dissolving it in just two hours after test started (result not 
shown). In contrast, scaffolds treated with EDC dissolved slowly in collagenase solution, presenting mainly 12, 17 and 46% 
of degradation after 96 hours respectively for 55, 45 and 35 mM collagen-EDC scaffolds. 



u 1 1 1 1 1 1 1 1 » r~ 

0 20 40 60 80 100 

Time (h) 


Figure 5. Mass loss (%) in presence of collagenase in Tris-HCl at 37°C for collagen-EDC 

SCAFFOLDS. 

Recently, different kind of crosslinkers has been used to decrease degradation rate of collagen. Skopinska-Wisniewska [42], 
used squaric acid as crosslinker. About 17% of the highest crosslinked scaffold was degraded by collagenase within 1 h. 
Other authors [40], used galllic acid as crosslinker on collagen scaffolds, and it was observed that, at 96 h on contact with 
collagenase solution, the scaffold with highest content of crosslinker presented 16% of degradation. Therefore, enhance the 
structural stability of collagen scaffolds with additional crosslinks by EDC crosslinking is a better and effective method to 
prevent the cleavage by collagenase and improve the characteristics of collagen as biomaterial. 

3.4 Cell culture test 

It is well accepted that cells be seeded and proliferated successfully in collagen scaffolds [43], [44]. Formaldehyde and 
Glutaraldehyde has been commonly used as crosslinkers. However, this kind of agents has been associated with cytotoxicity 
effect. Meyer et.al. [45] report the cytotoxicity effects in scaffolds crosslinked with Formaldehyde and 0.1% Glutaraldehyde. 
In both, it presented a highly cytotoxicity. As mentioned above, EDC is a zero-length crossliker, which means that the 
crosslinker will not part of the final product. Therefore, the use of EDC should present not cytotoxic results. However, it is 
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important to evaluate if EDC crosslinking method affects the citocompatibility of the scaffolds, this is usually done by 
viability and proliferation assays. The viability and proliferation of human dermal fibroblasts in presence of crosslinked 
collagen scaffolds were evaluated for 8 days of incubation using AB reagent. Results shown in Fig. 6 demonstrated that EDC 
treatment is not cytotoxic, showing equivalent cell viability than the non-crosslinked scaffold and no significant difference 
between the samples and the negative control. The negative control (cells with AlamarBlue medium, but without the 
presence of the scaffolds), show the lower cell population. These results suggest that the collagen of the scaffolds keep its 
excellent biological characteristics after the crosslinking method. 



Figure 6. Effect of collagen-EDC scaffolds on human dermal fibroblasts. Cell viability and 

PROLIFERATION WAS EVALUATED BY ALAMARBLUE REDUCTION ALONG DURING 8 DAYS OF INCUBATION. 

There is no significance difference between groups (n=5) 


The morphology of fibroblasts cultured on collagen-EDC a scaffold was examined by SEM. Images were collected at 
different times of culture (3h, 24h and 7 days). However, fibroblasts morphology on COL scaffolds was not observed due to 
low stability of the sample, which generates scaffold degradation and collapse. It is worth to mention that collagen presents 
good biological properties but, as commented above, has very low stability under biological conditions, being remarkable 
important to find methods that improve mechanical performance, such as EDC crosslinking. In fact, EDC crosslinked 
scaffolds, presented structural stability along the cell culture test, allowing imaging of the cells. 


The cells within the collagen-EDC scaffolds showed spread morphology and cells colonize the three-dimensional structure of 
the scaffolds (Fig. 7). After 3 h of seeding, the cells showed the typical elongated morphology of fibroblasts in contact with 
the crosslinked scaffolds. Furthermore, cells presented cytoplasmatic extensions, through filipodia (FL), to link with the 
matrix; this result suggests that fibroblasts present a high affinity with crosslinked scaffolds. 
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35 mM 45 mM 55 mM 



Figure 7. Representative SEM images showing the morphology of the fibroblasts cultured 
on collagen-EDC scaffolds. At 3 h of seeding (A-C). At 24 h of seeding (D-F). At 7 days of 

seeding (G-I). Scale bar 10 nM. 

After 24 h of culture, cell density was increased. Cells cover almost all the sample surfaces presenting several attachment 
points with the scaffold. Furthermore, at 24 h, in some regions of scaffolds 35 and 55 mM it was possible to observe the 
synthesis of fibrous matrix (Fig. 8). These results corroborate that after crosslinking EDC the scaffolds are still 
biocompatible. Nonetheless, no significant effect on EDC concentration on cell attachment was found under the described 
experimental conditions. Fibroblast growing behavior and proliferation were analyzing after 7 days of culture. The 
formation of a thin cell layer was observed; these results demonstrated a good cell interaction with the surface of the 
collagen-EDC scaffolds. Cells in spheroidal form (SF) were also identified, this means that fibroblasts continued to 
proliferate after 7 days. Due to fibroblasts, the main cell type in dermis, showed high affinity to the collagen-EDC scaffolds, 
these are potential biomaterials for skin tissue engineering, specially the scaffold crosslinked at 55 mM of EDC, because it 
presented the higher thermal and enzymatic stability. 



Figure 8. SEM micrographs of synthesis of fibrous matrix in A) 35 mM scaffold (scale bar 20 

|uM) AND B) 55 mM SCAFFOLD (SCALE BAR 40 \iM). ARROWS INDICATE THE PRESENCE OF MATRIX. 
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IV. Conclusion 

Type I collagen scaffolds were successfully stabilized by crosslinking treatment with EDC. The results of the 
physicochemical characterization of the crosslinked scaffolds indicate that EDC treatment has not significantly altered the 
porous morphology of scaffolds, but improve the structural stability and thermal properties, necessary behavior in materials 
for tissue engineering applications. Scaffolds showed the same proliferation profile and before and after crosslinking 
treatment, besides the cells showed affinity for the crosslinked scaffolds. All these results suggest that this study could be 
useful for development a collagen-based biomaterial for tissue engineering applications having suitable physicochemical 
properties and reduced antigenicity, even with high EDC concentrations. The findings of this study are limited to the in vitro 
behavior. Furthermore, they are a starting point and the in vivo performance should be evaluated. 
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